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Abstract 

Using a combination of vertical transport measurements across and lateral transport measure- 
ments along the LaAlOa/SrTiOs heterointerface, we demonstrate that significant potential barrier 
lowering and band bending are the cause of interfacial metallicity. Barrier lowering and enhanced 
band bending extends over 2.5 nm into LaAlOs as well as SrTiOs. We explain origins of high- 
temperature carrier saturation, lower carrier concentration, and higher mobility in the sample with 
the thinnest LaAlOs film on a SrTiOs substrate. Lateral transport results suggest that para- 
sitic interface scattering centers limit the low-temperature lateral electron mobility of the metallic 
channel. 
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Interfacial phenomena form the basis for modern-day devices and continue to be an ex- 
citing area in condensed matter research. The engineering of two-dimensional electron gases 
and the discovery of new physical phenomena such as the quantum Hall effect [l| have been 
realized at conventional semiconductor interfaces. Advances in oxide thin-film fabrication 
have enabled the synthesis of atomically precise oxide interfaces and hence allowed for con- 
trolled investigation of interfacial phenomena in these materials. With the rich variety of 
functionalities exhibited by transition-metal oxides, a wide array of novel properties may be 
achieved at oxide heterointerfaces. An exemplary study is the discovery of metallicity at the 
interface of two band insulators, LaAlO^ (LAO) and Sr' 
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whether it arises from electronic reconstruction [2, l3| or oxygen vacancies [8l. l9l. Ill[|. 

In this Letter, we demonstrate that metallicity observed in our LAO/STO heterostruc- 
tures can be attributed to potential barrier lowering and band bending at the LAO/STO 
interface. With vertical transport measurements, we show that the thickness of the metallic 
region extends to at least several nanometers and is not confined to the order of a unit 
cen a. been ^o.^.^ p.ed.Ced Q, H Q. We wU, a,.e ... ox..e„ vacancies 
cannot be the sole source of metallicity. Lateral transport measurements of LAO films on 
STO substrates indicate carrier saturation at high temperatures and higher low-temperature 
mobility values in the thinnest LAO film, features that we show to be consistent with charge 
transfer-induced metallicity. 

We used pulsed laser deposition to deposit two types of samples: (1) vertical stacks 
composed of SrRuOs metal electrodes sandwiching thin LAO and/or STO layers and (2) 
LAO films of varying thickness on Ti02-terminated (100) STO substrates. The vertical 
stacks form a tunnel junction geometry: TiO2-terminated(100) STO substrate / / SrRuO3(60 
nm) / LAO (2.5 nm) / STO (2.5 nm) / SrRuOa (40 nm). This stack will be referred to as 
VSl. Since SrRuOs films strongly prefer SrO surface termination on Ti02-terminated 
STO substrates, charge neutrality considerations dictate that the LAO/STO interface is 
a (LaO)^/Ti02 n-type interface. As reference structures, tunnel junctions with SrRuOs 
electrodes using only either a 5 nm LAO or 5 nm STO film as the barrier layer were fabricated 
and will be referred to as VS2 and VS3 respectively. The bottom SrRuOs electrode was 
deposited at 700 °C, 1.4 J/cm^, 2 Hz pulse rate, and 60 mTorr O2. The top electrode was 
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deposited at 635 °C, 1.4 J/cm^, 4 Hz, and 60 mTorr 02- The LAO and STO layers were 
deposited at 700 °C, 1.4 J/cm^, 2 Hz, and 2xlO^^Torr O2. The entire stack was annealed 
at 600 °C for seven minutes and then at 400 °C for one hour in ^300 Torr O2. Single LAO 
films were grown on Ti02-terminated (100) STO substrates at 700 °C, 1.4 J/cm^, 2 Hz, and 
2x10^^ Torr O2. We will refer to the single-layer samples of 2.5, 6.5, and 14 nm-thick LAO 
films as LAOl, LA02, and LA03 respectively. 

A combination of electron microscopy and X-ray diffraction confirmed the excellent crys- 
tallinity of all the samples. Scanning Transmission Electron Microscopy (STEM) reveals 
sharp interfaces in the multilayered heterostructure VSl throughout the entire sample. Fig- 
ure [T^ is a representative STEM image of VSl. Electron energy loss spectroscopy (EELS) 
analysis, using a 2 A probe, showed that cation interdiffusion was limited to one unit cell at 
the LAO/STO heterointerface. Figure [T]d is a representative atomic-resolution EELS lines- 
can of Ti L- and O K -edges in half unit cell steps across the LAO/STO interface, confirming 
atomic sharpness. 

Two-point vertical transport measurements were performed at 5 K on the vertical stack 
junctions, with the current flowing from one SrRuOs electrode across to the other SrRuOa 
electrode. Figure [T]: is a schematic of the vertical structure. Figures [T]i-f show that VS2 and 
VS3 (4 fim X 4 /zm areal size), containing either only a LAO or only a STO barrier layer, 
exhibit non-linear current- voltage (IV) curves, as expected for tunneling conductance across 
metal-insulator- metal junctions. The stack with composite inter-layers, VSl (10 /im x 10 
fim areal size), exhibits a linear IV curve, indicative of ohmic conduction. Ohmic conduction 
in VSl but not in VS2 or VS3 suggests that enhanced band bending induced by interface 
states effectively thins and lowers the potential barrier of the LAO/STO interface. We 
deduce that band bending extends to at least six unit cells on both sides of the LAO/STO 
interface. Therefore, although the heterointerface is atomically sharp, as seen in Figure [1^, 
it is not electronically sharp. 

In order to probe lateral transport along the interface, four-point van der Pauw sheet resis- 
tance and Hall effect measurements were performed on LAOl to LA03. Table [T] summarizes 
some of their lateral transport properties. The sheet carrier concentration (n^) shows no 
scaling with film thickness, suggesting the measured conductivity is likely confined to the 
interface. Plotted in Figures [2^ and b are the ns and Hall mobility (ij-h) values normalized 
by their values measured at 3K - i.e. n5'(T)/n5'(3K) and /ij|^(T)//ij|^(3K). The normalized 
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FIG. 1: (Color online) (a) STEM image of the SrRuOs-based vertical stack VSl along the [001] 
zone axis. This is a representative image of all regions in the sample, (b) A corresponding EELS 
linescan revealing that interdiffusion at the LAO/STO interface is limited, (c) Schematic of the 
vertical stack structure. Figure not drawn to scale. IV curves of vertical transport measurements 
performed on stacks with (d) only LAO (VS2), (e) only STO (VS3), and (f) a composite double 
layer of LAO and STO in between two SrRuOs electrodes (VSl). 

curves emphasize the otherwise subtle differences as a function of LAO film thickness. The 
fifj values in all of the samples are similar in magnitude at room temperature, suggesting 
a common scattering mechanism such as carrier interaction with optical phonons. Low- 
temperature mobility is likely to be limited by carrier scattering at the heterointerface. The 
width of the temperature range in which the mobility saturates is an indirect measure of the 
strength of electron coupling to the interface. LAOl has the narrowest saturated mobility 
region (Figure [Jb) as well as the largest low-temperature mobility values (Table [I]), telling 
us that compared to LA02 and LAOS, there is relatively weaker scattering of carriers by the 
interface. The similarities in both ns{T)/ns{3K) and y[Xj:^(T)//i^(3K) of LA02 and LAOS 
imply that beyond a certain film thickness, band bending at the interface equilibrates, and 
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TABLE I: (Color online) Selected parameters of LAOl to LAOS, where Ilao is the thickness of 
the LAO film. 

electrical transport behaviors remain approximately constant. 

Oxygen vacancies in STO have been argued to be the source of metallicity in LAO/STO 
heterostructures , [ll|, but we believe that this is not the case in our samples. The 
tunneling behavior observed in VS2 and VS3 supports our claim that our LAO and STO 
layers are well oxygenated and that interface effects may be the origin of barrier lowering 
and interfacial metallicity. The magnitudes of the low-temperature fifj values of LAOl to 
./A03 (Table [T]) match those of bulk STO single crystals lightly doped with oxygen vacancies 
a Q a„d are markedly lower than those of hea^ly doped STO samples wth typieal low- 
temperature fijj values of up to 5000 cm^/Vs [20|]. However, lightly doped STO crystals 



show clear carrier freeze-out which is in stark contrast with the ns{T)/ns{3K) 

behavior of our samples. Furthermore, conduction through the substrate is at odds with 
the observation of an insulating p-type interface formed by (A102)~ and (SrO)° planes, 
reported by Ohtomo and Hwang [2]. We have also deposited homoepitaxial STO films using 
the same conditions as in LAOl to LAOS. These samples are too insulating to be measured 
electrically, thus indicating that the growth conditions in themselves do not cause metallicity 
in STO substrates. 

Together the vertical and lateral transport measurements show that the LAO/STO in- 
terface is characterized by the following features: (a) The formation of the heterointerface 
lowers the potential barrier of the LAO/STO interface for electron tunneling, (b) The largest 
carrier concentration changes in LAOl to LAOS occurs between 20 and 100 K, correlating 



with the strong temperature dependence of the dielectric constant of STO [2l|] . (c) Carrier 
concentration is lowest in the thinnest LAO film on STO (LAOl), which also shows car- 
rier saturation at high temperatures, (d) Electron mobility values for all samples are low 
compared to those of degenerately doped STO single crystals at low temperatures. 

There are a number of mechanisms that may explain our experimental observations. They 
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FIG. 2: (Color online) (a) Normalized sheet carrier concentration ns{T)/ns{3K) and (b) normalized 
Hall mobility Hh{T)/ fi^iSK) curves of LAOl to LAOS. 

include carrier introduction via charge transfer at the polar LAO/STO interface, lattice 
deformation, and interface chemical bonding effects. Now, we will focus one of the possible 
mechanisms in greater detail - carrier introduction via charge transfer at the polar interface 
of two nominally undoped insulators. We will assume a conduction band offset (E^) of 
about 2.3 eV and valence band offset (Ey) of about 0.1 eV, as given by recent band offset 



calculations 



22 



23| . Additionally, since both LAO and STO are undoped, their Fermi levels 
are assigned near mid- gap. 

In the case where there are no charged interface states, the band alignment would be as 
shown in Figure [3^, and there would not be a metallic channel. Metallic conduction can 
be achieved if there are positively charged interface states that act to pull the electronic 
bands downwards in energy, leading to the STO CB crossing the Fermi level, as shown 
in Figure [3b. Despite its simplicity, this band alignment description can account for the 
interfacial metallicity observed between two undoped insulators. We will now discuss a 
possible source of such positive interface states. 

After the creation of the polar LAO-STO heterointerface, there is a divergence of potential 
energy, and the electronic bands of LAO continue to gain energy in layers farther from the 
interface j^. Beyond a critical thickness, the LAO valence band (VB) becomes higher in 
energy than the STO CB at the interface, and electrons can then tunnel from the LAO VB 
to the STO CB. We hypothesize that LAO sources interfacial electrons to the STO side, and 
the electrons form a metallic electron channel. With the approximation of a charge density 
of +/- one unit charge per half unit cell, i.e. (LaO)^ or (A102)~, the dielectric constant of 
LAO to be 25, and the bandgap of STO to be 3.2 eV, the reported insulator-metal transition 
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FIG. 3: (Color online) (a) Schematic band alignment of LAO and STO without charged inter- 
face states. Band bending occm's in order to equilibrate the Fermi energy level, (b) Schematic 
band alignment of LAO and STO with the inclusion of positive interface charges, resulting in the 
increased downward bending of all band edges. 



critical thickness of four LAO unit cells [4J can be reproduced. 

In this description, there are holes in LAO and electrons in STO. In all of our samples, the 
effective charge carriers are electron-like. While Hall effect measurements cannot rule out 
the possibility of a hole current contributing to the conduction, there are several mechanisms 
that can trap holes in LAO: (1) an on-site repulsion energy in the valence 0-2p bands of 
LAO (2) strong electron-lattice interactions, or (3) negative U pairing centers, as in 



many conventional semiconductors 



2J|. It has be en p redicted that polar LAO surfaces are 



susceptible to the accumulation of carriers [22, l25|, l26| , but to the authors' knowledge, there 
have not been any reports of n- or p-type metallic conductivity in LAO. Therefore, the holes 
in LAO are likely to be immobile and act as localized positively charged interface states, i.e. 
states above the Fermi level necessary to change the band alignment from Figure [3^ to b. 
The interface potential barrier is therefore lowered. 

The conincident temperature dependence of ns(T)/ns(3K) in LAOl to LA03 and the 
dielectric constant of STO now appears to be linked though interface band bending. How- 
ever, the dielectric function near the interface is complicated by the strong electric fields, 
mobile carriers, lattice distortions, and other interfacial effects. Quantitative effects on the 
dielectric response of the heterointerface are not the focus of our qualitative description. 

The apparent carrier saturation in LAOl supports our claim that the conduction electrons 
originate from the VB of LAO. In the sample with the thinnest LAO film, the supply of 
electrons is depleted at high temperatures. Therefore, together with the vertical transport 
results, we estimate the physical length of band bending in LAO to be between 2.5 and 6.5 
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nm. We infer that the LAO films in LA02 and LAOS are thicker than the equihbrium width 
of band bending on the LAO side. 

In LAO/STO heterostructures, the large concentration of positively charged holes in the 
LAO side of the interface can strongly scatter electrons in the interfacial channel through 
Coulomb attraction, thus explaining the comparatively low mobility values of LAOl to LAOS 
(Table [T|). In addition, the strain caused by the S% lattice mismatch between LAO and STO 
is likely to induce lattice distortions near the interface. Indeed, theoretical calculations have 



predicted distortions, possibly ferroelectric-like, in STO near the LAO/STO interface 15|, 



IGj. While screening by mobile electrons precludes the prospect of long-range ferroelectric 



ordering, electric dipoles formed by lattice deformation would dramatically degrade electron 
mobility. Though intrinsic charge transfer offers a crude form of modulation doping, parasitic 
interface effects ultimately undermine any potential of mobility enhancement. 

We would like to reiterate that other effects relating to interface bonding and/or lattice 
deformation can induce similar effects in this and related heterostructures. Band offset and 
bending of the LAO/STO interface warrant further attention before engineering control of 
this and similar heterostructures can be attained. 

In summary, we have shown that there is significant band bending on both sides of the 
LAO/STO heterointerface. We have concluded that deposition conditions alone cannot cause 
metallic conductivity in our samples. Our experiments provide strong evidence for band 
bending, potential barrier lowering and thinning, as well as interfacial metallicity induced 
by charge transfer. Although intrinsic charge transfer brings about interfacial metallicity, 
the lack of extrinsic control limits the electron mobility. 
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